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Abstract. During the APE-THESEO mission in the In-
dian Ocean the Myasishchev Design Bureau stratospheric re-
search aircraft M55 Geophysica performed a ﬂight over and
withintheinnercoreregionoftropicalcycloneDavina. Mea-
surements of total water, water vapour, temperature, aerosol
backscattering, ozone and tracers were made and are dis-
cussed here in comparison with the averages of those quanti-
ties acquired during the campaign time frame.
Temperature anomalies in the tropical tropopause layer
(TTL), warmer than average in the lower part and colder
than average in the upper TTL were observed. Ozone was
strongly reduced compared to its average value, and thick
cirrus decks were present up to the cold point, sometimes
topped by a layer of very dry air. Evidence for meridional
transport of trace gases in the stratosphere above the cyclone
was observed and perturbed water distribution in the TTL
was documented. The paper discuss possible processes of
dehydration induced by the cirrus forming above the cyclone,
and change in the chemical tracer and water distribution in
the lower stratosphere 400–430K due to meridional trans-
port from the mid-latitudes and link with Davina. Moreover
it compares the data prior and after the cyclone passage to
discuss its actual impact on the atmospheric chemistry and
thermodynamics.
Correspondence to: F. Cairo
(f.cairo@isac.cnr.it)
1 Introduction
The amount of water vapour and trace gases present in the
uppermost part of the tropicaltroposphere is an important pa-
rameter to quantify because it is mainly from that region that
air enters the stratosphere, where water vapour plays a major
role in regulating chemistry and temperatures (Holton et al.,
1995). For instance, water vapour in the stratosphere is in-
volved both in the production of the important OH hydroxyl
radicals and in the formation of polar stratospheric clouds
which subsequently help to destroy ozone (Kirk-Davidoff,
1999). Understanding the balance of processes that govern
the exchange of air across the tropical tropopause is thus a
major priority for stratospheric meteorology and Earth sys-
tem science. It has long been recognized that as air passes
the tropical tropopause it dehydrates to a value approxi-
mately equal to the value of the saturation vapour mixing ra-
tiodictatedbythecoldtemperatureofthetropicaltropopause
(Brewer, 1949). However, the processes that decide exactly
how much water vapor stays in the air, and how much is re-
movedbycondensationandsedimentationprocesses, arestill
under debate. Several processes on different time scales may
affect the exchange of air between the stratosphere and the
troposphere in the tropics. In particular, the balance between
the slow tropical upwelling driven bythe Brewer-Dobson cir-
culation and the rapid upwelling in deep convection is not
well known (Dessler, 2002; Danielsen, 1982). Although
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in the upper tropical troposphere dehydration and vertical
movement into the stratosphere need not be linked, at least
on small timescales, and horizontal advection seems to play
the major role in the dehydration (Fueglistaler et al., 2004;
Holton and Gettelman, 2001), evaluating the impact of or-
ganized convection on the tropical upper troposphere is still
crucial.
In recent years, the study of the upper tropical troposphere
developed the concept of a tropical tropopause layer (TTL)
(Atticks and Robinson 1983; Highwood and Hoskins, 1998),
as a border region between the convective-radiative equilib-
rium of the troposphere and the radiative equilibrium of the
stratosphere. In this transition zone both stratospheric and
tropospheric processes interact. In the troposphere below
approximately 14 the radiative cooling is balanced by la-
tent heat release by convection, while above approximately
16km the radiative heating balances the stratosphere-driven
upwelling. Cumulus tops are rarely observed above 14km,
and this implies an abrupt reduction of convective mass ﬂux
above that level. The ozone concentration starts to increase
there well below the cold point tropopause (Folkins et al.,
1999; Fujiwara et al., 2000; Mackenzie et al., 2006; Vaughan
et al., 2008) and the lapse rate starts to move away from the
moist adiabatic below 14km (Folkins and Braun, 2001). In
the lower part of the TTL a mixing barrier exists (Folkins
et al., 1999; Folkins et al., 2000) so that the residence time
of air in the TTL is greater than in any other level of the
troposphere. In fact, following Gettelman et al. (2002), the
probability that a convective cloud penetrates the TTL above
14km is about 1%, this estimate only slightly increased by
Alcala and Dessler (2002) using satellite data.
Part of the deep convection in the tropics occurs in the
organized structure of cyclones. In fact, the cumulus con-
vection associated with the central part of a tropical cyclone
is probably the most organized form of convection present
in the tropics and its effect on the upper troposphere and
lower stratosphere may reﬂect this collective behaviour. This
self organization is responsible for the extreme temperature
reached in the core (warm anomalies) and in the lower strato-
sphere overlaying the eye of the storm (cold anomalies). The
coldest cloud top temperatures ever recorded were associ-
ated directly or indirectly to cyclone convection (Ebert and
Holland, 1991). Furthermore during the developing stage of
a tropical cyclone deep overshooting around the eye wall is
very likely to occur. The lifetime and size of cyclones also
implies that their impact on the TTL could be signiﬁcant on
the regional scale.
The present paper addresses the effects of tropical cy-
clones on the upper tropical troposphere and lower strato-
sphere. We present and discuss observations taken in the
TTL and lower stratosphere in and above a tropical cy-
clone, by the instrumented research aircraft Geophysica dur-
ing the tropical campaign of the Airborne Platform for Earth
observations – THird European Stratospheric Experiment
on Ozone (APE-THESEO) project, in 1999. In particular
we look for evidence of (i) downward transport of strato-
spheric air, (ii) upward transport of marine boundary layer
air, and (iii) cloud-induced changes to the water content of
air throughout the TTL.
The purpose of APE-THESEO was to study the micro-
physical processes in tropical cirrus and the transport of trac-
ers both across the tropopause and in the lower stratosphere.
The ﬁeld campaign was carried out from the International
Airport of Mah` e, Seychelles (4◦420 S, 55◦300 E) from 15
February to 15 March 1999, and two research aircraft were
deployed: theDLRFalcon20andtheM-55Geophysica. The
DLR Falcon, equipped with the OLEX LIDAR, acted as a
pathﬁnder for the stratospheric airplane, while the Geophys-
icaacquiredin-situdataonwatersubstanceandtracegasesat
higher levels. A review of the activities during the campaign
can be found in Stefanutti et al. (2004).
The campaign comprised seven local ﬂights from Mah` e,
covering the region of the South-western Indian Ocean. One
of the seven local ﬂights – on 9 March 1999 – was devoted
to sample the TTL above the tropical cyclone Davina, off the
coast of La Reunion island in the southern Indian Ocean.
The present work is organized as follows: Sect. 2 presents
a review of what is known about the inﬂuence of cyclones on
the upper troposphere and lower stratosphere (UTLS). Sec-
tion 3 describes the instruments, data and methods that will
be used in subsequent analysis. Section 4 presents the mete-
orological situation at the time of the ﬂight, and the data ac-
quired during the M55 ﬂight over the cyclone, in comparison
with the averages acquired in the timeframe of the campaign.
In Sect. 5 the observations will be discussed. Section 6 draws
conclusions from our study.
2 Cyclones in the UTLS
A general analysis of cyclone organization, behaviour and
climatology is beyond the scope of this work, and we address
the interested reader to the review of Emanuel (2003) and
references therein. Here our attention is focussed on what is
known on the structure and effects of cyclones on the UTLS.
The general characteristics of the UTLS above the cyclone
are the following (Koteswaram, 1967): the low pressure core
extends throughout the troposphere and into the stratosphere,
although the horizontal pressure gradient rapidly decreases
with height. Winds, which are cyclonic throughout most of
the volume occupied by the cyclone, reverse their sense of
rotation near the top of the storm, often losing their axial
symmetry and becoming concentrated in some “outﬂow jets”
that curve anticyclonically from the storm core. The upper
level outﬂows ultimately lead to the formation of an extended
cirrus deck capping the cyclone, with more elevated clouds
close to the eyewall, higher at the front of the cyclone and
lower at the rear (Kovacs and McCormick, 2003), and cloud
tops decreasing radially outward in a sort of umbrella-shaped
shield.
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Often, but not always, the lower level warm core gives
way to a cold core above 15km, so that highest and low-
est temperature anomalies occur at 8–12km and near the
tropopause, respectively. Rings of warm and cold air extend
radially from the tropopause above the cyclone core, which
is colder than average and generally bulged upward. While
in the upper troposphere the isentropes are curved downward
toward the centre of the cyclone, in the lower stratosphere
isentropes radially undulate from it and are curved upward
from the centre of the cyclone. In the tropopause region
above the core, therefore, the vertical gradient of potential
temperature is reduced. The cold temperature anomaly ex-
tends above the tropopause but weakens quickly with height,
relaxing in 1–2km to the average temperature proﬁle (Waco,
1970).
A good indicator of air-mass redistribution and exchanges
in and over cyclones are the perturbations in the ozone ﬁeld.
Measurements of upper level ozone in cyclones started in the
sixtieswiththereconnaissanceﬂightsofthestratosphericair-
craft U2. Penn (1965) showed increased values of ozone
in the upper troposphere, from the cloud tops situated at
200hPa up to the tropopause level, on the weak Ginny cy-
clone. The same author (Penn, 1966) showed no signiﬁ-
cant variation in ozone mixing ratio in the lower stratosphere
down to the tropopause level above the Isbell cyclone core.
In 1991 the DC-8 sampled the Typhoon Mireille from the
boundary layer to the upper troposphere up to 12km (Newell
et al., 1996); the boundary layer eye region showed increased
levels of ozone but at higher levels there was no evidence –
from ozone lidar cross sections – of increased ozone from
downward entrainment of stratospheric air into the eye upper
region; this indeed showed low tropospheric values.
The absence of signiﬁcant stratospheric mixing above the
cyclone’s eye was also reported by Carsey and Willoughby
(2005) who reported low concentrations of ozone in the eyes
of hurricanes Georges and Floyd. There, signiﬁcant varia-
tions of tropospheric ozone mixing ratio between 2km and
6km, between the intensifying and weakening regimes of
the storms, were reported. During intensiﬁcation, ozone val-
ues indicated only a small descent of air from above ﬂight
level, topping at 6km, or a dilution with low-ozone eye-
wall air. During weakening, ozone concentrations were low
throughout the eye and eyewall, consistent with the eyes be-
ing ﬁlled with boundary layer air. Regions of warm, dry,
ozone-rich air that were attributed to mesoscale downdraft,
were also detected, but detached from the eye region. This
ﬁnding of possible stratospheric injection in proximity of
cyclones substantiated earlier work of Baray et al. (1999)
that suggested mesoscale transport of air-masses by strong
ageostrophic movements around the cyclone convective area.
This suggestion has been supported by mesoscale modeliza-
tions (Leclair De Bellevue et al., 2007) while another study
showed that this kind of event is not exceptional in the Indian
Ocean basin (Leclair De Bellevue et al., 2006).
Ozone distributions in cyclones have also been studied
with the aid of satellites. A study of Zou and Wu (2005)
shows that variations of column ozone levels are linked to
the stages of formation, intensiﬁcation and movement of a
hurricane. They analyzed ozone levels in 12 hurricanes and
found that the area of a hurricane has typically low levels of
ozone from the surface to its top. When the storm intensiﬁes,
the ozone levels throughout the storm decrease. Moreover
they discovered that ozone levels – although lower than in the
unperturbed troposphere – are elevated in the eye region of
tropicalcyclonesrelativetotheareaoutsidetheeye, probably
due to intrusions of stratospheric air. This latter effect, which
contrasts with many aircraft measurements, has been ques-
tioned by Joiner et al. (2006) who pointed to an incorrect es-
timation of cloud top pressures in the retrieval of TOVs total
column ozone, as a cause of this effect. Stratospheric intru-
sion indeed occur, but displaced from the cloud-deﬁned eye.
Water vapour and ozone distributions over hurricane Floyd
were also studied by Richard et al. (2001), who reported
lower water vapour, lower ozone and higher methane mix-
ing ratios during the Floyd overﬂight between the tropopause
and 80mb (18km), prompting the authors to suggest that lo-
cal dehydration was occurring right above the storm, while
the lower ozone and higher methane indicated upward trans-
port of tropospheric air. The issue of tropical cyclones as
sites of active dehydration of tropospheric air entering the
stratosphere was addressed in the paper of Danielsen (1993),
who, in an analysis of a ﬂight conducted from Darwin, Aus-
tralia, over cyclone Damien showed that the deep convection
induced by the cyclone resulted in clouds upwelling and in
a more pronounced elevation of the tropopause. Large ther-
mal inversions were observed above the cold point – analo-
gously to the observations by Waco (1970) – where any verti-
cal velocity difference would easily promote internal gravity
waves, ultimately producing turbulence and diffusive verti-
cal transport. This rapid vertical transport episode was also
documented by Radon measurements by Kritz et al. (1993).
A schematic diagram of the salient features documented in
the literature reviewed above is presented in Table 1.
The organized character of cyclones and the large scale
modiﬁcationsthattheyinduceintheUTLS,whichmayreach
a length scale of 3000km in the upper troposphere (Mer-
rill, 1988), are suggestive of a distinctive effect they might
have on the TTL, different from that of unorganized deep
convection in the tropics. For instance, we may note that
the peculiar temperature structure of the UTLS above cy-
clones, i.e. colder and less stable than the mean background
TTL proﬁle, is well suited to test the convective-dehydration
mechanisms (Teitelbaum et al., 2000; Vomel et al., 1995;
Danielsen, 1982). The air that dries to low mixing ratios as it
ascends within deep convective towers, may enter the strato-
sphere when the tropopause is higher and colder than aver-
age, sothatthestratospherewouldbedrierthantheminimum
saturation mixing ratio from an average tropical temperature
proﬁle.
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Table 1. Schematic of the main results reviewed in the literature about cyclones’ inﬂuence on Upper Troposphere – Lower Stratosphere.
Authors, Year Main Topic Highlight
Koteswaram (1967) Thermal and dynamical structure of cy-
clones in the upper troposphere and lower
stratosphere.
Cold core above 15 km. Presence of peripheral ridge
and outﬂows jets close to the tropopause.
Kowacs and McCormick (2003) Vertical proﬁling of clouds and aerosols
from space (LITE) through a cross section
of Typhoon Melissa.
Cirrus shield of a tropical cyclone approximately 5 km
thick, extending 4000 km between the center of circula-
tion and the equator.
Waco (1970) Horizontal and vertical temperature struc-
ture.
Location of a very cold tropopause just above the cloud
tops; Large vertical temperature gradient above the
tropopause; Small horizontal temperature ﬂuctuations
Penn (1965) Temperature and Ozone measurements in
a hurricane.
Ozone-rich UTLS above cloud tops. Above the
tropopause over the eye, air warmer and considerably
richer ozone.
Penn (1966) Temperature and Ozone measurements in
a hurricane.
The tropopause inclined upwards toward the eye; Above
the tropopause no signiﬁcant variation in ozone.
Newell et al. (1996) Typhoon redistribution of trace con-
stituents, importance on the global scale.
No evidence of ozone for the downward entrainment of
stratospheric air into the eye region; substantial entrain-
ment of boundary layer air into the eye wall region.
Carsey and Willoughby (2005) Temperature and Ozone measurements in
hurricanes.
Marked changes between the intensifying and weak-
ening stages During intensiﬁcation, tropospheric ozone
levels indicated descent of air in the periphery, or dilu-
tion with low-O3 eyewall air. During weakening, ozone
concentrations were low throughout the eye and eye-
wall.
Baray et al. (1999) Stratosphere-troposphere exchange in a
tropical cyclone
Transfer of ozone from the stratosphere to the mid-
troposphere; Pumping of ozone-poor air masses from
the boundary layer to the upper troposphere.
Leclair de Bellevue (2007) Mesoscale modelization of Stratosphere-
troposphere exchange in a cyclone
Stratospheric injection in divergence zones in the tropo-
sphere
Leclair de Bellevue (2006) Climatology of tropospheric ozone pro-
ﬁles associated with tropical convection
and cyclones.
Transfer of ozone from the stratosphere to the mid-
troposphere; Pumping of ozone-poor air masses from
the boundary layer to the upper troposphere.
Zou and Wu (2005) Satellite column ozone measurements
over hurricanes
Variations of total ozone amounts are closely linked to
the life stage of a hurricane. Stratospheric intrusions in
the eye regions are likely.
Joiner et al. (2006) Satellite column ozone measurements
over hurricanes
Small amounts of stratospheric intrusion into the eye re-
gion.
Richard et al. (2001) Troposphere-Stratosphere transport and
dehydration in cyclones
Low water vapour and ozone and high methane in the
lower stratosphere above a cyclone. Local dehydration
and upward transport of ozone poor and methane rich
tropospheric air.
Danielsen (1993) Troposphere-Stratosphere transport and
dehydration in cyclones
Large scale upwelling and dehydration in cirrus shield
above cyclone
Kritz et al. (1993) Troposphere-Stratosphere transport and
dehydration in cyclones
Dehydration in cirrus shield above cyclone
Merrill et al. (1988) Upper-tropospheric ﬂows around hurri-
canes
Inﬂuence at synoptic scale
To evaluate the relative importance of tropical cyclones as
preferred regions of convective overshooting, penetrating the
TTL or even above the tropopause, we have used the dataset
of the Tropical Rainfall Measurements Mission (TRMM) for
the year 1999. TRMM measures cloud-top altitude and rain-
fall characteristics (Cecil et al., 2005), see Sect. 3 hereafter.
This valuable dataset has been already used by Alcala and
Dessler (2002) to assess the general impact of tropical con-
vection upon stratospheric dehydration. The process fol-
lowed for these measurements closely mirror the one adopted
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by Alcala and Dessler in their work: similarly to them we
used 14km as a proxy for the lower boundary of the TTL.
Although this can be considered an arbitrary choice it pro-
vides a reasonable threshold to evaluate the penetration of
deep convection in the upper tropical troposphere. An esti-
mate of the altitude uncertainty of the TRIMM products can
be deduced considering that the minimum vertical resolution
of this dataset is 250m at nadir.
The TRMM tropical cyclone database available through
the Japan Aerospace Exploration Agency (http://www.eorc.
jaxa.jp/TRMM/typhoon/index e.htm), allowed us to evaluate
the fraction of the convection associated with tropical cy-
clones with respect to the overall convection present in the
tropical area.
We have used the 2A23 product of the TRMM. In this type
of dataset, ﬁles store the observations obtained by the Pre-
cipitation Radar on board of the satellite. In particular we
have used the “rain type” and the “cloud top” products. We
have deﬁned as overshooting any pixel of the radar image
that was associated with a convective type of rain and, at the
same time, showed a cloud top above 14km, a level usually
considered as a good proxy for the lower edge of the TTL
(Sherwood and Dessler, 2001).
In this way we have calculated the fraction of the overall
cyclone-related convection that is penetrating the TTL. This
fraction is close to 3.5%, a value near the one obtained by
Alcala and Dessler (2002) for the overall convection in the
tropics. This seems to indicate that cyclone associated con-
vection is not in general a preferred pathway for TTL pene-
tration.
Nevertheless, tropical cyclones can still play a preferred
role in the water budget of the TTL by providing large ar-
eas of relative high clouds, where the thermal effect asso-
ciated with this cloud deck can be of importance. More-
over, in some stage of the cyclone life cycle the overshooting
could still lead to more frequent and deeper injection into
the TTL. A work by Kelley and Stout (2004) subdivided the
TRMM cyclone observations with respect to their life stage,
and clearly showed that in the cyclone intensiﬁcation stage,
convective towers are more than twice as likely to occur as
in the other stages, and that these towers reach higher than at
other stages.
However, previous direct in-situ observations document-
ing the effects of cyclones on the TTL and the LS are too
sparse to draw deﬁnite conclusions.
3 Instruments and methods
We compare the proﬁles of meteorological parameters (wa-
ter, clouds, ozone and tracers) detected in and over the cy-
clone Davina with the average proﬁles acquired during the
time frame of the APE-THESEO ﬁeld campaign. The gen-
eral meteorological setting for the campaign is given in Ste-
fanutti et al. (2004). An analysis of the temperature, ozone,
clouds and water vapour proﬁles acquired during the cam-
paign has been reported in MacKenzie et al. (2006). In the
present work the focus is on the speciﬁc effects of tropical
cyclones on the UTLS.
A short introduction to the encounter with cyclone Davina
described below, has been published in the Royal Mete-
orological Society’s Weather magazine (Buontempo et al.,
2006); in that work, lidar data from the Falcom F-20 are
compared to idealized cyclone structure as predicted by the
model of Emanuel (1999).
In the following sections we describe brieﬂy the instru-
ments deployed during the ﬂight and the satellite data we
used to interpret the meteorological situation.
3.1 The M55 payload
Aerosol and cloud detection at the aircraft ﬂight level were
provided by the Multiwavelength Aerosol Scatterometer
(MAS) (Adriani et al., 1999), a backscattersonde that pro-
vided in-situ measurements of volume backscatter ratio and
depolarization ratio at 532nm, with a time resolution of 10s
and an accuracy of 5% on the backscatter ratio. The 2-sigma
uncertainty on the depolarization ratio is higher and is esti-
mated to be not smaller than 30% for the ﬂight of 9 March to
Davina.
The miniaturized lidar Microjoule Aerosol Lidar (MAL)
(Matthey et al., 2000) provided vertical proﬁles of aerosol
and cloud volume backscatter ratio and depolarization ratio
at 532nm, from some tens of meters from the aircraft to 2–
3km upward, with a vertical resolution of 20m and a time
resolution of 80s.
Total water content was measured by the Fast In
situ Stratospheric Hygrometer (FISH), developed at the
Forschungszentrum Julich (Germany). The instrument that is
basedontheLyman-α photofragmenttechnique, hasanover-
all accuracy of 6%, or 0.3ppmv in the case of very low mix-
ing ratios. The oversampling of condensed water in clouds
was corrected as described in Schiller et al. (1999). Con-
densed water was also measured by a Tunable Diode Laser
(CVI) cell (Toci et al., 2002) that received only evaporated
particles that had been able to pass a Counterﬂow Virtual
Impactor (CVI) inlet (Noone et al., 1988). This latter de-
vice permitted the passage only of particles with kinetic en-
ergy larger than a given value, i.e. with masses equivalent to
spherical diameters greater that 1.5µm. Water vapour was
measured by the FLASH instrument, an aircraft version of
an instrument already deployed on balloons (Yushkov et al.,
1998; Peet et al. 2004). While outside of clouds the two
instruments give the same result, comparison of the two in-
struments in clouds gives the amount of condensed water.
Ozone was measured with a time resolution of 10s by the
Electro Chemical Ozone Cell (ECOC) (Kyro et al., 2000),
a modiﬁed electrochemical ozone cell whose data were val-
idated against ozonosondes, and with a time resolution of
1s by the Fast Ozone ANalyser (FOZAN) (Yushkov et al.,
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1999), a fast response instrument based on a chemilumines-
cent reaction between a dye and the ambient ozone.
Asetoflong-livedtracers(N2O,CFC-12, CFC-11, Halon-
1211, SF6, CO2) were measured by the High Altitude Gas
AnalyzeR (HAGAR), a Gas chromatograph, with time res-
olution of 90s combined with a non-dispersive IR analyzer
for CO2 with time resolution of 10s (Volk et al., 2000).
Avionic data were also recorded for scientiﬁc use. These
included air temperature and pressure, horizontal wind ve-
locity, true air speed, geographical coordinates and altitude.
Accuracies of temperature and pressure were speciﬁed to
be 0.5K in temperature and 0.6hPa in pressure (B. Lepou-
chov, Myasishchev Design Bureau, Moscow Region, Rus-
sia, personalcommunication). Comparisonwithindependent
probes (Rosemount probes, colocated radiosoundings and a
microwave temperature proﬁler) in previous and subsequent
campaigns has conﬁrmed this accuracy (Lowe et al., 2006).
In principle, from the information of the inertial navigation
system on aircraft orientation and true air speed, it would be
possible to infer the values of air vertical speed which is an
order of magnitude smaller than the horizontal components
(Scott et al., 1990), but this was, in practice, not possible due
to the noise affecting these avionic data.
3.2 Satellites
Images from METEOSAT 5 and TRMM were used for the
analysis. TRMM data have also been used to evaluate the
relevance of tropical storms for the global climate, as dis-
cussed in Sect. 2.
In the time frame of the Geophysica deployment, ME-
TEOSAT 5 was relocated over the Indian ocean at 63◦ E to
provide support to the ﬁeld activities of the concomitant in-
ternational INDOEX project (Ramanathan et al., 2001). The
satellite radiometer acquires images simultaneously in the
visible, thermal infrared and water vapour IR band, with a
frequency of 30min, a total coverage of the Earth disk and a
spatial resolution of 5km at the equator.
TRMM is a joint mission between NASA and JAXA, aim-
ing to accurately measure the spatial and temporal variation
of tropical rainfall. The instruments used to measure precip-
itation are two: i) the Precipitation Radar, (PR) that provides
three-dimensional maps of storm structures with a horizon-
tal resolution at the ground of 4km and a swath width of
220km, and has the ability to provide vertical proﬁles of rain
and snow from the surface up to a height of 20km, ii) the
TRMM Microwave Imager (TMI), a passive microwave sen-
sor based on the design of SSM/I which measures radiation
at ﬁve separate frequencies with a 780km wide swath at the
ground.
4 Observations
4.1 The Davina cyclone
Davina originated on 1 March 1999 in the Mid-Indian Ocean
basin, approximately due south of Sri Lanka. It maintained
a west-south-west track almost throughout its life, reaching
a tropical cyclone grade, as classiﬁed by the La Reunion Re-
gional Specialized Meteorological Centre, on 5 March. Its
maximum 10-min average wind speed was 162km/h, de-
tected on 7 and 8 March. After passing La Reunion island, it
started to weaken and to decelerate, moving then northward
and westward for several days. It dissipated over the waters
of eastern Madagascar on 12 March.
Dvorak technique estimations (Dvorak, 1975, 1977, 1984)
of tropical cyclone intensities suggest that the most intense
stage of the storm had been reached on 8 March. The Geo-
physica sampled the cyclone early the following day, at the
very beginning of its decaying phase. The onset of decay
rapidly led to the disaggregation of the cyclone eye. TRMM
data obtained from the DAAC database (in particular the
VIRS radiance, the TMI radiances, and the TMI derived hy-
drometeor proﬁles), indicate that on 9 March 1999 part of
such disaggregation had already started. The TMI hydrom-
eteor data showed that the most active part of the storm was
located near its southern edge. There, the surface rain due
to convection was as high as 30/40mm/h. Unfortunately the
PR swath was located too far south to measure the height of
the convective towers near the core of the system.
4.2 The Geophysica ﬂight
The Geophysica took off from Mah´ e (Seychelles) the 9th of
March 1999, at 05:05 local time (Seychelles time is 4h ahead
ofUTC),followingtheDLRF-20Falconthattookoff30min
earlier to act as a pathﬁnder. The Geophysica ﬂight lasted
for 5h and 54s. In Fig. 1, a Meteosat image of brightness
temperature over the Indian Ocean at the time of the Geo-
physica ﬂight is shown. Segments of the Geophysica ﬂight
path of interest for this work, as explained in the following,
are also displayed in the ﬁgure. Seven-day back-trajectories
with ending points along the Geophysica ﬂight path, calcu-
lated using NCEP reanalysis, showed the presence of a zonal
easterly ﬂow in the upper troposphere, in the week preceding
the ﬂight.
The two aircraft ﬂew close together at their respective
cruise altitudes. On approaching the centre of the cyclone,
the OLEX lidar (on board of the Falcon) detected, above
ﬂight level, a thick cloud deck. The deck extended radially
outward from the cyclone’s eye for 400km, with clouds at
16km in the outer boundaries, then sloping downward to-
ward the cyclone’s centre, to reach a cloud height of 8km
there. The weather radar on board of the Falcon detected a
break in the eye wall and by following this passage the air-
craft was able to reach the eye of Davina. The Geophysica
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Fig. 1. Infrared brightness temperature (K) observed by meteosat
at 02:00UTC in the area around cyclone Davina at the time of
the Geophysica overpassing over the cyclone’s eye. The segments
coloured in blue, green and purple represents respectively portions
A B and C of the Geophysica ﬂight as deﬁned later on in the text
and in Fig. 2. The eye of the cyclone can be identiﬁed in the area
east and north of the deepest convection. A small displacement be-
tween the position of the eye and the track of the aeroplane is due
to the fact only half hourly images from the satellite were available
during the campaign.
followed the Falcon above the clouds and entered the cy-
clone in different areas, directly sampling the cirrus clouds
and trace gases. During the cyclone crossing, the cirrus cloud
deck that formed a spiral arm of Davina guided the Geophys-
ica, and then a dive was performed at the cyclone wall. Fig-
ure 2 is a time plot of the ﬂight altitude proﬁle, (black line),
together with MAS backscatter ratio (black line) and MAS
depolarization (red line) showing crossings of clouds along
the ﬂight path.
The aircraft performed an ascent on approaching the cy-
clone centre (section A), then dived and turned northward
(section B). A third ascent reached the aircraft ceiling alti-
tude on the way back to Mah´ e (section C).
The ascents and descents were performed with a vertical
speed of 4ms-1, sampling a region with horizontal dimen-
sion of roughly 350km. Data acquired along these three
vertical proﬁles will be compared in the following to aver-
age proﬁles acquired in all other ﬂights performed during
the campaign. Data acquired during the portion of the ﬂight
marked in red, southward of 13◦ S, are not part of the dataset
used in the subsequent section to build mean proﬁles of tem-
perature, ozone and tracers.
4.3 Vertical proﬁles
Data obtained during portions A, B, and C of the ﬂight are
compared with averages obtained from the campaign dataset
composed of all the other ﬂights, and the Davina ﬂight data
northward 13◦ S. The dataset covers a wide variety of atmo-
spheric conditions (see Stefanutti et al., 2004).
Fig. 2. Time series of the altitude proﬁle of the Geophysica ﬂight
(black line, vertical axis on the left) and backscatter and aerosol
depolarization ratio from the backscattersonde (black and red lines
respectively, vertical axis on the right). Triangles denote geograph-
ical locations of interest. The three portions of the ﬂight, indicated
here as A, B, and C sections, are used to derive atmospheric vertical
proﬁles in the following ﬁgures.
Most of this campaign dataset comes from observations
northward of 13◦ S, i.e. from a region well inside the so-
called “tropical pipe” (Plumb, 1996), which is characterised
by substantial isolation from the extra tropical lower strato-
sphere (Volk et al., 1996). The outermost edges of the tropi-
cal belt, though, may exhibit more meridional exchange with
the midlatitudes or even lie outside the isolated tropical pipe
region. In order to take full account of this possible bias in
the average proﬁles, we also display in the ﬁgures, as a sep-
arate proﬁle, the subset of the campaign observations com-
posed of data acquired southward of −13◦ N (excluding the
Davinaﬂight). Thesecamefromtheﬂights, conductedonthe
6 and 11 March, under convectively quiescent conditions and
aimed at performing meridional transects of the tropopause
region and the lower stratosphere to study tracer gradients.
Data from instruments with time resolution coarser than
1s have been linearly interpolated to a 1-s grid, with the ex-
ception of HAGAR data for which the original data (sampled
every 90s) are shown. The dataset has been binned in 60-m
bins with respect to GPS altitude, with an average number of
samples per bin of 300, or in 1K bins with respect to poten-
tial temperature, with an average number of samples per bin
of roughly 500 (except for HAGAR data).
Figure 3 shows temperature (left panel) and potential
temperature (right panel) proﬁles for the non-Davina cam-
paignmean, thenon-Davinacampaignsubsetofobservations
southward of 13◦ S and for the three proﬁles from Davina.
There, and in the following Figs. 4 to 10, the red solid line
shows the non-Davina campaign proﬁles and the range bars
indicate one standard deviation. Blue, green and purple solid
lines show proﬁles acquired respectively during portions A,
B and C of the Davina ﬂight, as indicated in Fig. 2. Finally
the gray and black solid lines shows the non-Davina south-
ernmost subset, respectively before and after the cyclone’s
passage.
From Fig. 3 we see that temperature proﬁles in and around
the storm are up to 5K warmer than the non-Davina mean in
www.atmos-chem-phys.net/8/3411/2008/ Atmos. Chem. Phys., 8, 3411–3426, 20083418 F. Cairo et al.: TTL and LS over cyclone Davina
Fig. 3. Temperature (left panel) and potential temperature (right
panel) vs geometrical altitude. Potential temperature data are dis-
played with respect to two different horizontal axes for ease of in-
terpretation. Solid red lines represent the average non-Davina pro-
ﬁles observed during the campaign, range bars show ±1 standard
deviation. Gray and black lines are the proﬁle form a subsample
of the campaign dataset with observations southward of 13◦ S, (not
comprising the Davina ﬂight) taken respectively before and after the
Davina passing. Blue, green and purple proﬁles denotes the proﬁles
obtained respectively on portions A, B and C during the Davina
ﬂight, as displayed in Fig. 2.
the lower part of the proﬁle between 12km and 14km, then
from 14km up to 17km they follow the non-Davina mean,
while higher up they get some 3–5K colder than the mean,
up to 20km.
The non-Davina southernmost subset comprises two ver-
tical proﬁles sampled on the 6 March between 17◦ to 19◦ S
(grey line), and one sampled on the 11 March between 13.5◦
and 15◦ S (black line). Observations from these proﬁles are
often at the two extremes of the overall campaign distribu-
tion for most quantities measured. Concerning temperature,
we see that from 15–16km to the top of the sounding, Davina
proﬁles are 5–10K colder than the non-Davina southernmost
proﬁles acquired three days earlier, and are comparable to
the proﬁle acquired two days later, up to 18km. Above that
altitude, the Davina proﬁle stays colder than all other obser-
vations.
The cold point tropopause above the cyclone tends to be
colder than the mean, although still within the envelope of
cold points observed at other times during the campaign.
Potential temperature proﬁles around the centre of the hur-
ricane are warmer than non-Davina means at altitudes be-
low 13km, then in a layer from 13km to 16km the poten-
tial temperature vertical gradients are reduced so that above
16km, up to 19km, the Davina proﬁles become some5–10K
colder than the non-Davina means. The comparison with the
non-Davina southernmost subset shows Davina proﬁles be-
Fig. 4. Temperature vs. potential temperature. Solid red lines repre-
sent the average non-Davina proﬁles observed during the campaign,
range bars show ±1 standard deviation. Gray and black lines are the
proﬁle form a subsample of the campaign dataset with observations
southwardof13◦ S,(notcomprisingtheDavinaﬂight)takenrespec-
tively before and after the Davina passing. Blue, green and purple
proﬁles denotes the proﬁles obtained respectively on portions A, B
and C during the Davina ﬂight.
ing comparable to the proﬁle sampled on 11 March, but some
5–10K colder than the southernmost proﬁles sampled on 6
March in the upper troposphere, and in the lower part of the
stratosphere. At the top of the sounding, these proﬁles merge
with the non-Davina means.
In Fig. 4 we plot temperature proﬁles vs. potential tem-
perature. From the 360K level upwards, between 15 and
16km, the Davina proﬁles follow quite closely the non-
Davina mean, suggesting that the temperature anomalies dis-
cussed in Fig. 3 are mainly due to adiabatic vertical displace-
ment. Onlybelow360K,signiﬁcantdeparturesoftheDavina
proﬁles from the non-Davina mean suggest that diabatic pro-
cesses become important. Hereafter we will generally use
potential temperature as a vertical coordinate, to remove the
effects of adiabatic motion.
The southernmost non-Davina proﬁles acquired on the 6
March are warmer than the overall non-Davina campaign
mean until 420K, and warmer than the Davina case through-
out the potential temperature range of the Davina proﬁles
(i.e. θ≤450K), while the southernmost non-Davina proﬁle
acquired on the 11 March follow more closely the Davina
proﬁles.
Water proﬁles are depicted in Fig. 5. As in previous pic-
tures, red lines and range bars show the mean non-Davina
total water campaign proﬁle with a range of one standard
deviation. Blue, green and purple solid lines show proﬁles
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Fig. 5. Total water vs. potential temperature. Solid red lines repre-
sent the average non-Davina proﬁles observed during the campaign,
range bars show ±1 standard deviation. Gray and black lines are the
proﬁle form a subsample of the campaign dataset with observations
southwardof13◦ S,(notcomprisingtheDavinaﬂight)takenrespec-
tively before and after the Davina passing. Blue, green and purple
proﬁles denotes the proﬁles obtained respectively on portions A, B
and C during the Davina ﬂight. In addition to total water data, the
cyan solid line represent the water vapour saturation mixing ratio
computed from air temperature during the Davina ﬂight, the violet
solidline representthenon-Davina meanwatervapour mixingratio,
from the FLASH intrument.
acquired respectively during portions A, B and C of the
Davina ﬂight, from FISH. In addition, the cyan solid line
representsthewatervapoursaturationmixingratiocomputed
from the air temperature during the Davina ﬂight and the vi-
olet solid line represents the non-Davina mean water vapour
mixing ratio from FLASH.
The Davina proﬁles show a noticeable enhancement of the
total water content in the TTL region up to 360K, i.e. up to
the top of the cirrus deck. This is particularly marked on the
B proﬁle where the cirrus layer extends even higher than in
the other two proﬁles, up to 375K. We note, however, above
360 K in proﬁles A and C and above 375K in proﬁle B, a
distinct water depleted region. That region is substantially
subsaturated, except for a single layer on proﬁle A at 380K,
where the water vapour reaches its saturation value.
In general, the Davina proﬁles differ signiﬁcantly from the
non-Davina means: mixing ratios at the hygropause are com-
parable but the Davina hygropause is some 20K lower than
for the non-Davina mean. The Davina proﬁles are dryer up
to 385K, and moister above, merging with the non-Davina
means only above the 410K level.
Figure 6 shows the ozone measurements, which are of par-
ticular interest: in the Davina ozone proﬁles, the 360K level
Fig. 6. Ozone vs. potential temperature. Solid red lines repre-
sent the average non-Davina proﬁles observed during the campaign,
range bars show ±1 standard deviation. Gray and black lines are the
proﬁle form a subsample of the campaign dataset with observations
southwardof13◦ S,(notcomprisingtheDavinaﬂight)takenrespec-
tively before and after the Davina passing. Blue, green and purple
proﬁles denotes the proﬁles obtained respectively on portions A, B
and C during the Davina ﬂight.
coincides with the centre of a layer, extending upward to the
380K level, where ozone is strongly reduced, both in com-
parison with the non-Davina means and with the southern-
most non-Davina proﬁles on 6 March, while the southern-
most proﬁle acquired on the 11 shows a reduction of ozone
too, although not as severe as in the Davina observations.
The depleted ozone in the Davina case is indicative of signif-
icant upward transport of ozone-poor marine boundary layer
airintotheTTL.Themeanvalueofozonemixingratiobelow
850hPa during the campaign was around 20ppbv, roughly
half of the free troposphere value. Above the 380K level, the
Davina proﬁles are well within the non-Davina means.
Proﬁles of the tropospheric tracers N2O and CFC-12 can
be seen in Fig. 7. For both species the proﬁles A and B show
a departure from the non-Davina means from the 400K level
upward, while proﬁle C more closely follows the campaign
means. Other long-lived tracers measured by HAGAR show
similar behaviour. Noteworthy is furthermore the deviation
from the non-Davina means at 440K, apparent in the south-
ernmost proﬁle acquired on the 11 March.
From the observations described above we can draw the
following conclusions:
1. The cyclone induced a variation in the temperature pro-
ﬁle of the UTLS, with temperatures that are warmer
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Fig. 7. Mixing ratios of N2O (left panel) and CFC-12 (right panel)
measured by HAGAR vs potential temperature. Red squares repre-
sent the averages of non-Davina proﬁles (in 10K bins of potential
temperature) observed during the campaign, with range bars show-
ing ±1 standard deviation. Gray and black lines are the proﬁle form
a subsample of the campaign dataset with observations southward
of 13◦ S, (not comprising the Davina ﬂight) taken respectively be-
fore and after the Davina passing. Blue, green and purple circles
connected by lines denote the proﬁles obtained respectively on por-
tions A, B and C during the Davina ﬂight.
than average in the lower part of the TTL and colder
than average in the upper TTL; stratospheric temper-
atures are generally colder than average, up to 20km
(440K), which is the highest point reached by the air-
craft near Davina.
2. In the tropopause region the vertical gradient of poten-
tial temperature is reduced.
3. Ozone is reduced from at least 360K (probably lower)
up to 380K, which suggests a vigorous uplift of
ozone-poor marine-boundary-layer air to those alti-
tudes, ((i.e. ∼17km). The reduction of ozone at 360K
is a factor of ∼4 when compared with the non-Davina
means, and attain there a value typical of the maritime
PBL measured during the campaign.
4. There is a signiﬁcant presence of cirrus clouds in the
lower TTL above the cyclone, in one case extending
upward to the cold point. The clouds reside in a re-
gion which is, as stated, colder than the mean. Where
clouds are present, total water proﬁles are moister than
the non-Davina means, implying that the cirrus clouds
are forming in air injected into the TTL from below.
5. Tracer proﬁles stay within tropospheric values up to
385K. Above that level they show a stratospheric be-
haviour.
Fig. 8. Orange line is the non-Davina mean proﬁle of water vapour
saturation mixing ratio from the geophysica temperature measure-
ment during the campaign. Pink line is the non-Davina mean of
the water vapour mixing ratio observed during the campaign. The
blue, green and purple are the saturation mixing ratio observed over
Davina, along the A, B and C proﬁles respectively.
6. Where no clouds are present, water proﬁles are dryer
below and moister above the 385K level in comparison
to the non-Davina means.
7. In general, Davina observations are closer to observa-
tions taken in the same area two days later, than to the
overall campaign means and to the southernmost obser-
vations acquired three days earlier. This suggests that
some of the effects of Davina were still persistent in the
area after the storm had passed.
5 Discussion
Fromthepreviousanalysisofozoneandtropospherictracers,
we are led to the conclusion that, despite the reduction of
the vertical gradient of potential temperature, that would lead
to a more permeable TTL, no stratospheric intrusions into
the upper troposphere were observed during our survey, as
could be assessed by the constant values of N2O and CFC-12
and the absence of layers of enhanced ozone or reduced H2O
to stratospheric values in the troposphere, and that the 380–
385K level marked the upper boundary of a region subject
to injections of boundary layer air during an earlier, more
intense, phase of the cyclone. We will continue our analysis
byfocusingontheregimesbelowandabovethislevelinturn.
5.1 Below 385K: dehydration effects
In analyzing this set of observations, we were also motivated
by the following question: are tropical cyclones active sites
of dehydration, and to what extent? A partial answer to this
question is that, despite the general effect of hydrating the
upper troposphere (Ray et al., 2007), in fact they may be ef-
fective in dehydrating the air in the upper TTL. This may
Atmos. Chem. Phys., 8, 3411–3426, 2008 www.atmos-chem-phys.net/8/3411/2008/F. Cairo et al.: TTL and LS over cyclone Davina 3421
occur if the thick cirrus shield is present in a region of tem-
peratures colder than the average, so that sedimenting cirrus
particles would ﬁx the water vapour there at a value close
to the saturation, which is lower than the average saturation
mixing ratio of the TTL elsewhere.
That this may be the case is suggested by an analysis of
Fig. 8. There, the orange line represents the non-Davina
mean saturation mixing ratio while the pink line represents
the non-Davina mean water vapour mixing ratio, in cloud-
free airmasses. As can be seen comparing the two proﬁles,
in general during the campaign the air in the TTL was pre-
dominantly under-saturated, as reported in the analysis of
MacKenzie et al. (2006). The Davina A, B and C saturation
mixing ratio proﬁles – blue, red and purple lines respectively
– are lower than the corresponding non-Davina means, and
closer to the actual mean water vapour mixing ratio observed
during the campaign.
The observations thus suggest that the upper part of the
TTLabovethecycloneisagoodcandidateforaregionwhere
the water vapor mixing ratio could be lowered, by freeze dry-
ing, to the values observed on average elsewhere, by an ac-
tive process of freeze drying to the particularly low saturation
values encountered there. A plausible mechanism for the de-
hydration is the formation of cirrus clouds at high levels, and
subsequent particle removal by gravitational settling. This
would leave the TTL temporarily colder than the mean and
with a water vapour mixing ratio reduced to the small values
of saturation encountered at the cloud tops there.
To explore further the water behaviour above the cyclone,
we refer now to each single proﬁle separately in Fig. 9 where
N2O, ozone, total water, water vapour saturation mixing ratio
andaerosoldepolarizationratioaredisplayedvs.geometrical
altitude for the three Davina vertical soundings. We remind
that proﬁles A and C were acquired in the northern wall of
the cyclone while proﬁle B is closer to the centre.
Common to the three proﬁles is a dry region between
16.5km and 18km. Two geometrically thin layers of con-
densed water are present lower down in proﬁle C, where total
water is at, or only slightly above, the water vapour satura-
tion mixing ratio. Proﬁle B shows a thick cirrus up to 16km.
Unfortunately the aerosol depolarization data are missing for
the central part of this proﬁle, so we cannot detect whether
or not the condensed phase extends up to 16.5km, where
the total water content equals the saturation value. Never-
theless, noticeable in the available dataset is the unexpect-
edly low value of the aerosol depolarization inside that cloud.
Such low values are detected in mixed phase clouds, unlikely
to be present at those cold temperatures, or in clouds com-
posed of particles of very small radius, probably from very
recent nucleation. Signiﬁcant presence of small particles in-
side the cyclone cirrus canopy was reported by Knollenberg
et al. (1993) in the case of cyclone Damien.
In the case of high densities of small cloud particles, equi-
librium with the water vapour inside the cloud could be es-
tablished very quickly, thus reducing the amount of water in
Fig. 9. Solid blue lines show the total wapor mixing ration from
FISH. Dashed blue lines show the water vapor saturation mixing
ratio from temperature measurements. Black lines are ozone mix-
ing ratios from FOZAN (the more structured one) and ECOC (the
smoother one). Red lines are N2O mixing ratio from HAGAR.
Green lines shows depolarization ratio from MAS. Data from MAS
are missing for part of the ﬂight. Upper, middle and lower panel are
for proﬁles A, B and C respectively, as depicted in Fig. 2.
the gas phase to a value close to its saturation in short times.
Yet, the minimum of water vapour found at 17km in all the
three proﬁles would have required temperatures 2–3K lower
than those actually encountered at the cirrus cloud tops in our
sounding.
In fact hygropause and cold point (see the minimum in the
total water mixing ratio proﬁle) are coincident only in the B
case, while both in the A and C proﬁles they differ, the cold
point being higher than the hygropause. In case B, the cold
point coincides with the altitude of the computed lapse rate
tropopause, while the cold point is higher than the lapse rate
tropopause in cases A and C. This all seems to suggest that
dehydration processes are thus not ongoing in our data, ex-
cept maybe at the top of the cirrus clouds in proﬁle B, and
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Fig. 10. Scatterplot of ozone vs N2O. Solid red line represent the
averagesofnon-Davinaproﬁles(inbinsof0.1ppmozone)observed
during the campaign, with range bars showing ±1 standard devia-
tion. Gray and black lines are the proﬁle form a subsample of the
campaign dataset with observations southward of 13◦ S, (not com-
prising the Davina ﬂight) taken respectively before and after the
Davina passing. Blue, green and purple lines denote the proﬁles ob-
tained respectively on portions A, B and C during the Davina ﬂight.
that the dry layer between 16km and 18km is a result of
what had happened earlier, perhaps in the most active part of
the cyclone life cycle. During intensiﬁcation, the cyclone ex-
perienced a large drop in its central surface pressure and it is
then that the most intense vertical velocities are usually ob-
served. This hypothesis was substantiated by the analysis of
the available TRMM data that measured the cyclone during
differentstagesofitslifecycle, andshowedhowcoldercloud
tops were observed 48–72h earlier than our observations.
An effect probably competing with dehydration may arise
from overshooting cloud turrets hydrating that region, as
seemed to be the case in proﬁle A, where a temperature min-
imum at 17.5km is just coincident with a thin layer of en-
hanced water vapour, reaching its saturation value. Particles
in that layer were identiﬁed by the slight enhancement ob-
served in the MAS depolarization (green line) and in con-
comitant enhancement of the CVI condensed water probe
(not shown). Such moisturizing anvil top plumes originating
from the cirrus decks above thunderstorms have been ﬁrst de-
scribed from satellite observations by Levizzani et al. (1996).
Wang (2003) interpreted these as injections of small particles
in the upper levels induced by the breaking of gravity waves;
Fig. 11. Potential vorticity on the 430K theta surface for 9 March
1999 as obtained from ERA40 reanalysis. Davina lies in a region of
high gradient where isolated ﬁlaments can mix air of extra tropical
latitudes in the tropical pipe. One of these elongated structure can
be seen extending from east to west over the area interested by the
cyclone.
the small particles then moisturize the layer upon evapora-
tion. Turbulent mixing induced by breaking gravity waves
may be enhanced in the weakly stratiﬁed tropopause region
above cyclones. Turbulent mixing above ITCZ-type convec-
tion leading – on subsequent cooling – to cloud formation,
has been described by Santacesaria et al. (2003) for an ear-
lier ﬂight in APE-THESEO, and by Garrett et al. (2004) for
measurements in the CRYSTAL-FACE campaign.
5.2 Above 385K: meridional mixing in the lower strato-
sphere
As shown in Fig. 7, stratospheric tracers showed a distinctive
behaviour in the vicinity of cyclone Davina between 400K
and 430K. There, on two out of three proﬁles the vertical
proﬁles of N2O and CFCs show lower mixing ratios tending
toward values that are typical of the midlatitude stratosphere
than of tropical air. The scatterplot of N2O vs. ozone in
Fig. 10 further conﬁrms this feature: while the non-Davina
campaign data on average exhibit a correlation slope typical
for the isolated tropical regions, the deviations apparent in
the Davina proﬁles tend toward the compact correlation typ-
ically observed in the midlatitudes (e.g. Volk et al., 1996).
This suggests that stratospheric air above the cyclone is at
least partly of midlatitude origin.
Indeed, HYSPLIT (Draxler and Rolph, 2003; Rolph,
2003) model backtrajectories starting on a 1◦ square grid
centered at the southernmost point of the Geophysica ﬂight
path conﬁrm that, above the cyclone eye and higher than
400K, air-masses follow two tracks: a purely zonal trak
staying well within the tropics and a more meridional track,
which is apparent eastward of Madagascar, displacing mid-
latitude air-masses toward the tropics. This latter ﬂux
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promoted a 15◦ northward displacement of the air-masses in
the previous 72h. If this meridional transport has indeed oc-
curred, it could well account for the observations taken by
the Geophysica in the stratosphere above the cyclone.
Figure 11 shows a contour plot of Potential Vorticity on
the 430K theta surface for 9 March 1999 as obtained from
ERA40 reanalysis, superimposed to the Geophysica ﬂight
segment marked as A, B and C in our work. As can be seen,
Davina lies below a stratospheric region of high PV gradient
where isolated ﬁlaments can mix air of extra tropical lati-
tudes in the tropical pipe. One of these elongated structure
can be seen extending from east to west over the area in-
terested by the cyclone. A prominent ridge, not shown, ap-
peared higher up in the stratosphere.
It needs to be considered here that the observations in
question were taken in just the region (13◦ to 19◦ S) in which
the subtropical barrier is usually found (e.g. Fahey et al.,
1996). Air of both typical tropical as well as more midlat-
itude character may thus be expected in this region, depend-
ing on the exact location of the barrier, which is expected to
undulate meridionally e.g. under the inﬂuence of large-scale
waves and which may possess small-scale structure. This
would explain the fact that the non-Davina proﬁles south-
ward of 13◦ S exhibit partially typically tropical tracer val-
ues (and correlation slope with ozone) and partially similar
excursions toward midlatitude values as the Davina proﬁles
(see Figs. 7 and 10). Whether the meridional transport as-
sociated with Davina constitutes an irreversible intrusion of
midlatitude air into the tropical lower stratosphere or sim-
ply a large-scale northward displacement of the subtropical
transport barrier, cannot be decided with the data set consid-
ered here. However, the cyclone would certainly be expected
to interact with the subtropical transport barrier and it is quite
conceivable that such interaction would promote irreversible
exchange between the tropics and midlatitudes.
6 Conclusions
The encounter of the Geophysica research aircraft with cy-
clone Davina on 9 March 1999 provided in-situ measure-
ments of trace gases, cloud/aerosol properties and thermo-
dynamic properties in the tropopause layer and in the lower
stratosphere. These measurements have been used to build a
two dimensional picture of the atmosphere above a tropical
cyclone. In particular, the measurements have been used to
investigate the transport processes which could substantially
modify the tropical tropopause layer.
In fact the low temperatures encountered in the upper part
of the TTL may have triggered the formation of cirrus clouds
at high levels, and subsequent particle removal by gravita-
tional settling, thus leaving the TTL – temporarily colder
than the mean – with a water vapour mixing ratio reduced
to the small values of saturation encountered there.
The observations acquired during our survey showed a de-
hydrated layer in the upper part of the TTL above the cyclone
cirrus canopy and displayed condensed water whenever its
total abundance was above or matching the water vapour sat-
uration value. Nevertheless these observations are neither
conclusive in showing the dehydration mechanism in action,
nor they can demonstrate its effectiveness in the past. Unfor-
tunately, the cyclone was sampled at the onset of its decay-
ing phase, when higher and colder clouds were likely already
past. Although is tempting to attribute the observed low val-
ues of water vapour in the upper part of the TTL to dehydra-
tion processes that were active when colder temperatures and
higher clouds were present, this can only be speculative.
The observations seem to suggest that cyclones may in-
duce horizontal stirring of the lower stratosphere, possi-
bly promoting irreversible entrainment of midlatitude strato-
spheric air into the tropical zone. They may thus act to smear
out the “tape recorder” proﬁle of water vapour vertically, and
the meridional gradients of water and trace gases horizon-
tally.
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